| INTRODUCTION
Sleep and physiological regulation are implicated in the regulation of affect and behavior (Dahl, 1996) , and measures of both of these bioregulatory systems have been linked to concurrent or later risk for childhood psychopathology (Beauchaine, 2001; El-Sheikh, Kelly, Buckhalt, & Hinnant, 2010; Sadeh, 2007) . During the first 3 years of life, children's sleep duration declines significantly and self-regulatory competence improves at a rapid pace. The reorganization of sleep and self-regulation occurring during this developmental period suggests that it is a critical time for studying these factors that may influence trajectories of adjustment across early childhood. The present study examined the joint and independent contributions of sleep and physiological regulation to internalizing and externalizing behaviors by focusing on toddlers' sleep duration and parasympathetic regulation.
| Associations between child sleep duration and behavior
In general, sleep duration is relatively stable across the toddler period, though there are individual differences (Jenni, Molinari, Caflisch, & Largo, 2007) . A dramatic developmental shift in sleep duration has been reported in early childhood, with a particularly marked decrease in nocturnal sleep duration documented between 1.5 and 2 years of age (Acebo et al., 2005) . Following this decline in sleep duration, 2-year olds are estimated to obtain approximately 10.4 (Acebo et al., 2005) to 11.5 (Iglowstein, Jenni, Molinari, & Largo, 2003) hr of nightly sleep.
In comparison to research examining the behavioral correlates of childhood sleep problems (e.g., night wakings), the association between childhood sleep duration and behavioral functioning has received limited empirical attention (Sadeh, 2007; Staples & Bates, 2011) . However, as outlined by Sadeh (2007) , sufficient duration of sleep is thought to facilitate an alert daytime state that allows for active engagement with the environment. Thus, children who experience reduced sleep may have more difficulty modulating their arousal appropriately to context, which manifests as behavior problems. Supporting this contention, an experimental study found that 2-3-year olds deprived of a daytime nap exhibited more negativity in response to frustration and to negative pictures, and less positivity to solving a puzzle and to positive pictures, compared to when they were well-rested (Berger, Miller, Seifer, Cares, & Lebourgeois, 2012) .
Although the amount of sleep associated with optimal daytime functioning in childhood remains not well understood, it has been suggested that 10 hr represents a lower threshold value for children between 2 and 3 years of age. For instance, Lavigne et al. (1999) reported that 2-3-year olds sleeping <10 hr at night exhibited elevated levels of externalizing behaviors. Similarly, Touchette et al. (2007) found that maternal report of reduced sleep duration (i.e., < 10 hr per night) at 2.5 years of age predicted externalizing behaviors such as hyperactivity and impulsivity at 6 years, even when sleep duration increased later in development for these children. Fewer studies have examined sleep duration and internalizing problems among children in this age group. Although one study has indicated that 2-year-old toddlers sleeping <12.5 hr were more likely to develop anxiety and depressive symptoms at age 3 (Jansen et al., 2011) , another study did not find a significant association between sleep amount and internalizing problems for 2-3-year olds (Lavigne et al., 1999) . The potentially adverse effects of sleeping significantly longer than age norms on daytime behavioral functioning in early childhood remains largely unexplored, with one study indicating that parent report of child's longer sleep duration is associated with behavioral aggression (Coulombe, Reid, Boyle, & Racine, 2010 ).
| Associations between child parasympathetic regulation and behavior
According to Porges' Polyvagal theory, the mammalian parasympathetic nervous system (PNS), coordinated by the myelinated ("smart") vagus nerve, is responsible for modulating cardiac output in support of regulation of emotion, attention, and behavior (Porges, 2007) .
Respiratory sinus arrhythmia (RSA), a measure of the variability in heart rate within the range of spontaneous respiration, is commonly used as an index of parasympathetic regulation (Berntson et al., 1997) .
Higher baseline RSA, indicative of greater vagal influence on the heart, may reflect a greater ability to engage with the environment and to cope with environmental challenge (Porges, 2007) . Suppression of parasympathetic influence over the heart under conditions of challenge (a decrease in RSA relative to basal levels) is theorized to allow for increases in cardiac output that facilitate the individual's coping responses to environmental challenges. In contrast, an increase, or augmentation of parasympathetic function, returns the system to homeostasis (Porges, 2007) . Theory suggests that appropriate physiological regulation of arousal supports children's ability to effectively manage their emotions, which in turn facilitates social competence (Beauchaine, 2001) . RSA suppression in response to challenge has been linked to better emotion regulation and lower levels of behavior problems, negativity, aggression, and social withdrawal as well as better social skills in young children (Calkins & Dedmon, 2000; Calkins & Keane, 2004; Porges, Doussard-Roosevelt, Portales, & Greenspan, 1996) . RSA augmentation to challenge, in contrast, has been associated with internalizing problems (Heilman et al., 2012) including fearfulness (Liew et al., 2011) as well as externalizing behavior problems (Calkins, Graziano, & Keane, 2007) . In the present study, children's RSA responses to fear and delay of gratification tasks were examined because of their correspondence with the behavior problems of interest; children at risk for internalizing may have more difficulty regulating in response to fear stimuli (Brooker et al., 2013) , whereas for children at risk for externalizing a task requiring inhibitory control may be particularly challenging for physiological regulation (Sulik, Eisenberg, Spinrad, & Silva, 2015) .
| Evidence for interactions between child sleep and parasympathetic regulation
There has been growing interest in examining sleep and parasympathetic regulation as interrelated bioregulatory processes that jointly contribute to childhood behavioral problems. For example, a study by El-Sheikh and colleagues provided evidence that children's RSA moderates the influence of sleep on behavioral outcomes (El-Sheikh, Erath, & Keller, 2007) . Poorer parasympathetic regulation, as indicated by attenuated RSA suppression to challenge, may represent vulnerability for adjustment issues related to difficulty sleeping (El-Sheikh et al., 2007) . This is also consistent with the diathesis-stress model (Monroe & Simons, 1991; Zuckerman, 1979) , in which experiences of stress are thought to activate vulnerability factors (i.e., diatheses) and place children at risk. It has been theorized that children who have more difficulty physiologically regulating and who sleep less may be more likely to develop reactive stress responses (Dahl, 1996) , which may in turn increase risk for both internalizing and externalizing types of behaviors (El-Sheikh et al., 2007; El-Sheikh & Arsiwalla, 2011) To our knowledge, only one previous study examined this interactive influence in children, and found that 8-9-year olds who slept less during the night reported more depressive symptoms and externalizing behaviors when they also had lower basal RSA (El-Sheikh et al., 2007) . Children who slept less also were at increased risk for externalizing when they showed less RSA suppression to emotional challenge. Similarly, El-Sheikh and Arsiwalla (2011) found that reduced sleep duration predicted more depressive symptoms when children had lower basal skin conductance and less skin conductance reactivity to an attentional challenge. Together, these studies suggest that in the context of less sleep, poorer physiological regulation may increase risk for behavioral symptoms.
| CURRENT STUDY
The goal of the current study was to characterize the unique and interactive influences of sleep duration and parasympathetic regulation (RSA reactivity to challenges) on behavioral outcomes in a toddler sample. Data for the current study were drawn from a larger longitudinal study of temperament and socio-emotional development, for which inhibited children were over-selected. Our sample included all children who participated in the larger study at ages 2 and 3. We aimed to build upon the existing literature in several ways. First, because inhibited toddlers were over-represented in the sample, it was uniquely suited for studying predictors of behavior problems, particularly internalizing. Second, sleep duration was examined as a predictor of behavior, an association that is less commonly studied.
Based on extant research indicating that reduced sleep duration is related to greater behavioral problems, it was hypothesized that less sleep would be associated with both concurrent and longitudinal behavioral problems. To further advance the literature on sleep duration, we sought to identify distinct ranges of sleep that may be associated with both internalizing and externalizing behavior. Third, the interactive influence of sleep and RSA on behavior, which to our knowledge has not been previously tested in toddlers, was examined concurrently and longitudinally.
In examining children's RSA, the role of context was also explored, wherein changes in RSA in response to different types of stimuli (fear, inhibitory control) were compared as predictors of behavior. It was hypothesized that reduced sleep duration and less RSA suppression would jointly predict behavioral problems. Furthermore, contextspecific effects were anticipated, such that less RSA suppression to fear-eliciting contexts would be closely associated with greater internalizing symptoms and less RSA suppression to the inhibitory control task would be closely associated with greater externalizing symptoms.
3 | METHODS
| Participants
The present study utilized data from 123 children (60 girls) who participated in a longitudinal study of temperament and socioemotional development. Families with toddlers between the ages of 18 and 20 months were recruited using public birth announcements published in a semi-rural northeastern city and its surrounding communities. Eligible families that returned study consent forms were asked to complete screening questionnaires. Due to the larger study's focus on the development of inhibition in childhood, these screening measures were used to identify and enroll an over-sample of fearful toddlers (n = 63) scoring at least 1 standard deviation above the mean on parent ratings of fearfulness and wariness. The remaining children in the sample scored below this cutoff. The majority of the sample was middle class (M = 49.72, SD = 10.70 on the Hollingshead index) with family income (assessed at age 2) ranging from $15,000 or less to more than $60,000. The sample was primarily Caucasian (n = 113; 90.4%), followed by Asian-American (n = 8; 6.4%), American-Indian (n = 2; 1.6%), African-American (n = 1;
.8%), and Hispanic (n = 1; .8%).
| Procedure
At age 2 (M age = 24.43 months, SD =.47), toddlers' cardiovascular data were obtained during a series of laboratory episodes designed to assess children's fearfulness and inhibitory control. After the lab assessment, parents completed a sleep diary for a 1-week period regarding the onset and duration of children's sleep. Parents also completed questionnaires regarding children's internalizing and externalizing as part of the age 2 assessment. Parents were mailed these same measures to complete when children were 3.
| Age 2 laboratory visit
At the age 2 laboratory visit, toddlers participated in a series of tasks including a 5-min baseline, modified versions of the Laboratory Temperament Assessment Battery (Buss & Goldsmith, 2000) , and the Snack Delay task (Kochanska, Murray, Jacques, Koenig, & Vandegeest, 1996) . Prior to the baseline, cardiac electrodes were placed on the toddlers' torso and back. Leads connected these electrodes to a personal digital assistant (PDA) device that wirelessly transmitted the information to a computer in the next room. The child wore the PDA in a small backpack throughout data collection. After the experimenters visually inspected the collection of the ECG data, toddlers engaged in quiet activities with an experimenter (e.g., coloring, reading a book) for the 5-minute baseline period. The present study examined cardiovascular data collected during six laboratory episodes designed to examine individual differences in children's fear responses (Lab-TAB; Buss & Goldsmith, 2000) . These episodes-hereafter referred to as "threat episodes"-included an interactive puppet show (Puppet Show, 3 min), playing with a female experimenter dressed as a clown (Clown, 3 min), social interaction with strangers (Stranger Approach, 1.5 min, and Stranger Working, 2 min), and two object fear tasks that involved presentation of remote controlled toy spider and robot (Spider, 1 min and Robot, 1 min; Buss, 2011) . As mentioned, cardiac data were also recorded during a modified version of the Snack Delay task (Kochanska et al., 1996) . In this episode, the experimenter introduced a game with M & M candies. Children were seated at a child sized table and were instructed to wait to take the candies placed under a transparent cup until the experimenter signaled the approval by ringing a bell. A total of six trials were presented with varying time intervals (5 s, 10 s, no pause, 20 s, no pause, 30 s) and the entire task lasted 5 min. For all tasks, parents were seated in the room and asked to remain as uninvolved as possible, except if their child became highly distressed in which case they could comfort the child as they wished.
The episodes were presented in the same order to each child, including four other episodes that were not included in the analyses for the current study because they measured other behavioral constructs. The task order was as follows: Puppet Show, Stranger Approach, Snack Delay, Robot, Clown, Stranger Working, & Spider. ville, OH) and were analyzed offline using the Mindware Heart Rate Variability version 2.51. Interbeat intervals (IBI) and improbable intervals were identified given the overall distribution. Data were detrended using a first-order polynomial. Fast Fourier Transformation of the edited data was performed to obtain the RSA scores.
RSA was defined as the natural log integral of the very high frequency .24-to 1.04-Hz power band (Fracasso, Porges, Lamb, & Rosenberg, 1994) and calculated in 30-s epochs. Visual inspection and editing of artifacts in the ECG data were completed by three scorers who achieved good interrater reliability (agreement = 86%) on 25% of the files. RSA during the baseline, six threat episodes, and Snack Delay were computed by averaging across the 30-s epochs.
Average RSA values across the six threat episodes were highly correlated (rs = .55 to .81). Thus, an average RSA score across the six threat episodes was computed. We were interested in the change in children's RSA from resting baseline to the threat episodes (averaged) and to Snack Delay. Two reactivity scores were calculated by regressing task RSA on baseline RSA and extracting the standardized residuals for use in analysis (i.e., residualized change scores that accounted for children's initial RSA levels). Lower reactivity scores indicated greater RSA suppression from baseline to task relative to the sample average.
| Sleep duration
As part of the age 2 assessment, caregivers completed a sleep diary and recorded bedtime, waketime, and duration of toddlers' sleep for a 1-week period. Based on this report, the average nighttime sleep duration was computed for 5 weekdays. According to the extant literature, parental report of children's sleep duration has shown adequate validity and reliability (Sadeh, 2004) . Additionally, it has been suggested that evidence of long-term stability of sleep duration during childhood indicates that sleep duration may be considered as trait-like (Jenni et al., 2007) . Carter, 1998 Carter, , 2007 . Good internal consistency was found for all of the scales that were examined in the present study: Internalizing (α = .82 to .84), Externalizing (α = .83 to .88), and Sleep (α = .89).
| Analytical approach 3.4.1 | Missing data
Examination of the missing data indicated that cardiac data (threatepisodes n = 29; Snack Delay n = 35) and age 3 questionnaire data (n = 23) were unavailable for <30% of the sample. Missing data were imputed using multiple imputation (MI), as MI has been shown to perform very well for data that is up to 50% missing (Graham & Schafer, 1999) . Children with missing data did not differ on any of the demographic variables from those without missing data. Those with missing cardiac data were rated as lower in age 2 externalizing behaviors (F = 4.57, p = .04). As recommended by Graham (2009 Graham ( , 2012 , age 2 externalizing was included as auxiliary variable in the imputation model to reduce the potential bias that would be introduced by attrition. The multivariate imputation by chained equations (MICE) package in R statistical software was employed to impute and to pool the results of the analyses (van Buuren & Groothuis-Oudshoorn, 2011).
| Statistical analyses
Analyses proceeded in the following order: First, data were examined for normality and potential outliers. Two outlier data points that exceeded three standard deviations above the mean value of internalizing symptom scores were identified for two participants and were replaced with the next highest value in the data (Tabachnick & Fidell, 2007) . Next, descriptive statistics and correlations were computed for all study variables. Finally, the concurrent and predictive relations among RSA, sleep duration, and symptoms of internalizing and externalizing behaviors at ages 2 and 3 were examined via a series of hierarchical regression analyses. All of the predictor variables were mean-centered prior to creating the interaction terms (Aiken & West, 1991) . Significant interaction effects were probed using the tests of simple slopes (at 1 SD above and below mean) and were further examined to identify the points at which the association between RSA suppression and behavioral outcomes became significant (Dearing & Hamilton, 2006) . Finally, the relative proportion of cases that were differentially influenced by distinct ranges of sleep duration was estimated using the proportion affected (PA) index (Roisman et al., 2012) . The PA index computes the proportion of cases that fall below and above the point at which two simple slopes intersect ("cross over value"). Parent rating of age 2 sleep problems was entered as a covariate in all of the models to account for the potential contribution of sleep problems to our pattern of findings.
| RESULTS

| Descriptive statistics
Means, standard deviations, and correlations among the study variables can be found in Table 1 . Sleep duration at age 2 was inversely associated with concurrent sleep dysregulation (r = −.34, p < .001), and with age 3 externalizing behaviors (r = −.26, p = .01). RSA suppression to threat and Snack Delay were positively associated (r = .69, p < .001). RSA suppression to threat was also associated with age 3 internalizing behaviors (r = .24, p = .04), indicating that toddlers who demonstrated less RSA suppression to threat were more likely to develop internalizing behaviors a year later. Gender differences in key study variables were not found. As such, gender was not included in subsequent analyses. 
| Prediction of age 3 internalizing behaviors
There was no evidence of sleep duration predicting age 3 internalizing behaviors independently or interactively with RSA suppression to threat or Snack Delay. 
| Prediction of age 2 externalizing behaviors
| Prediction of age 3 externalizing behaviors
Sleep duration X RSA reactivity to threat There was no evidence that sleep duration or RSA suppression to threat predicted age 3 externalizing behaviors.
Sleep duration X RSA reactivity to inhibitory control A main effect of age 2 sleep duration was subsumed by a significant interaction between sleep duration and RSA suppression to Snack Delay predicting externalizing behaviors a year later (b = −.23, p = .03). Probing this interaction effect revealed that shorter sleep duration was associated with greater age 3 externalizing behaviors for toddlers who exhibited less RSA suppression (+1 SD) during the Snack Delay task (t = −3.64, p < .001).
The simple slope tested at 1 SD below the mean value of RSA suppression was not significant. Test of regions of significance identified a lower threshold of .88 SD below the mean and an upper threshold of 1.83 SD above the mean for sleep duration. Therefore, less RSA suppression during Note. RSA, respiratory sinus arrhythmia; RSA TE, residualized change score of RSA from baseline to six threat episodes; RSA SD, residualized change score of RSA from baseline to Snack Delay. *p < .05. **p < .01. ***p < .001.
the Snack Delay task (+1 SD) predicted greater externalizing behaviors for toddlers who slept <10.15 hr. In contrast, sleeping more than 12.77 hr was associated with fewer externalizing behaviors for toddlers showing a less pronounced RSA suppression response. As such, sleep duration predicted externalizing behaviors for toddlers, but only in the context of less RSA suppression to the task of inhibitory control. In this model, the simple slopes were found to cross near the mean (+.06 SD relative to the mean) at 11.05 hr, with approximately 52% of the toddlers falling below this value.
As can be seen in Figure 1 , the significant inverse association between sleep duration and externalizing behaviors thus influenced a greater proportion of toddlers who obtained <10.15 hr of nighttime sleep.
| DISCUSSION
The present study examined sleep duration and RSA reactivity as indices of toddlers' capacity for regulation and their relations to internalizing and externalizing behaviors. Consistent with prior research, obtaining approximately 10-hr of nighttime sleep at age 2 was generally associated with better behavioral outcomes (e.g., Lavigne et al., 1999; Touchette et al., 2007) . Extending the literature on sleep and adjustment, the present study provides new evidence that toddlers' nighttime sleep duration and RSA reactivity are jointly related to behavioral symptoms that develop in early childhood. Notably, the patterns of interaction were found to differ for internalizing and externalizing, highlighting the importance of considering the contexts in which toddlers' capacity for regulation is observed.
| Sleep duration, parasympathetic regulation, and internalizing behaviors
We found that longer sleep duration was associated with fewer concurrent symptoms of internalizing behaviors, but this was qualified by parasympathetic regulation; only children who showed high levels of RSA suppression to both threat and inhibitory control demand tasks showed this relation. Step 1 .10* 3.81* -.03 1.09 -
Step 2 .24** 8.59** .08 † 2.28 † Sleep problems --.39** --.23*
Step 1 .11* 4.10* -.03 1.19 -
Step 2 .23** 8.33** .08 1.68 -Sleep problems --.37** --.24* Internalizing (age 3) Externalizing (age 3)
Step 1 .06 1.75
Step 2 Contrary to our prediction, shorter sleep duration did not interact with parasympathetic regulation to predict toddlers' concurrent or future internalizing symptoms. The lack of a link between reduced sleep duration and internalizing outcomes in the present study is consistent with previous research that did not document a direct association between sleep restriction and concurrent internalizing problems in 2-to 3-year-old toddlers (Lavigne et al., 1999) . To our knowledge, only one study has demonstrated a predictive relation between shorter nighttime sleep duration and internalizing problems one year later in toddlers (Jansen et al., 2011) . The above study also reported a significant main effect of the frequency of night wakings, yet it was unclear whether sleep duration may uniquely predict internalizing problems a year later. Although research has indicated that childhood sleep problems may precede the onset of internalizing disorders (Alvaro, Roberts, & Harris, 2013; Gregory et al., 2005; Gregory, Rijsdijk, Lau, Dahl, & Eley, 2009 ), more research is clearly needed to make definitive conclusions regarding the direction of influence linking sleep duration in early childhood and internalizing outcomes.
| Sleep duration, parasympathetic regulation, and externalizing behaviors
We did not find associations between sleep or parasympathetic regulation and concurrent externalizing behaviors in toddlers, in contrast to previous work. For instance, Lavigne et al. (1999) reported that fewer than 10 hr of nighttime sleep was associated with concurrent externalizing behavior problems for 2-3-year-old toddlers.
Although this finding underscores the importance of sleep duration in predicting externalizing outcomes, the effect of reduced sleep was not examined in conjunction with other forms of sleep problems (e.g., nightwaking) that are particularly common in toddlerhood. Given that we found no association between reduced sleep duration and concurrent externalizing behaviors beyond the contribution of concurrent sleep problems, examining the contributions of various sleep parameters in future developmental research will provide additional insight.
Consistent with a large body of literature linking reduced sleep to externalizing behaviors (Bates, Viken, Alexander, Beyers, & Stockton, 2002; Lavigne et al., 1999) such as hyperactivity (Touchette et al., 2007 (Touchette et al., , 2009 ) and rule-breaking behaviors (Pesonen et al., 2010) , Insufficient sleep has been theorized to influence the regulation of affect (e.g., depressed mood, irritability, anger) or to increase susceptibility to behavioral impulsivity or disinhibition (Dahl, 1996) .
In the present study, examination of the interplay between sleep duration and physiological regulation during affective (i.e., threatrelated) and behavioral self-regulation (i.e., inhibitory control) tasks (Dahl, 1996) .
| Limitations
The present study highlighted the specific conditions under which sleep duration and parasympathetic regulation may relate to symptoms of internalizing and externalizing behavior. Nevertheless, a few potential limitations are noted. Although caregivers are reliable reporters of specific indices of children's sleep-duration and onset times in particular (Sadeh, Raviv, & Gruber, 2000; Tikotzky & Sadeh, 2001) , our data on toddlers' sleep schedule indicated very high stability across a 5-week day period, which may potentially reflect parent difficulties with capturing slight variability in actual wake and sleep times. This idea is supported by previous research using parent-reported sleep duration that also indicated a high degree of stability of sleep duration over a week, with the difference in average sleep duration between weekdays and weekends estimated to be approximately 10 min (Touchette et al., 2007) .
The present study also examined context-specific patterns of physiological regulation during affective and behavioral challenge tasks. As RSA during affective challenge was averaged across six distinct threat episodes, regulation to threat may be considered a more reliable measure of RSA than regulation to Snack Delay.
However, the Snack Delay task was substantially longer than the individual threat episodes and generated 10 distinct epochs across which RSA was averaged. Finally, this sample was recruited specifically to allow examination of the developmental trajectories associated with temperamental fearfulness, which afforded us a unique opportunity to explore the role of early emerging sleep and self-regulatory difficulties in a sample of children who may be at elevated risk for behavior problems. However, the limited socio- 
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